Transit buses represent one of the best applications for alternative fuels, which have already made significant inroads into the transit bus market. As of January 1996, approximately 4% of the more than 50,000 transit buses in the United States surveyed by the American Public Transit Association ran on an alternative fuel such as ethanol, methanol, compressed natural gas (CNG), or liquefied petroleum gas (LPG). Even more significant, 1 out of every 5 new buses on order is an alternative fuel bus. These numbers do not include electric trolley buses.
The National Renewable Energy Laboratory, with funding from the U.S. Department of Energy, initiated a program to study the performance, reliability, costs, and emissions of alternative fuel transit buses versus conventional diesel buses (controls). The program involved collecting detailed operational and maintenance data from more than 100 buses at eight transit agencies across the country. A program goal was to have 10 test buses of each alternative fuel type, with 10 controls, split between two agencies, operating for 18 months.West Virginia University used its transportable chassis dynamometer to measure the emissions from the buses using a Central Business District (CBD) driving cycle.
Transit properties involved in the program, and their alternative fuel buses, were:
• Houston Metro, in Houston,Texas (10 liquefied natural gas [LNG] buses with Detroit Diesel 6V92 pilot ignition natural gas engines) • Tri-Met, in Portland, Oregon (eight LNG buses with Cummins L10 dedicated spark-ignited engines) biodiesel blend buses with Detroit Diesel 6V92 engines) The alternative fuel engines in this program have only a few years of product development, versus decades for the diesel engine; however, the results show they are competing very well with diesels in many areas:
Vehicle Reliability. Road calls experienced per 1,000 miles of operation constitute one measure of a bus's reliability. A road call is defined as any event that prevents a driver from completing his or her route and results in a call for a backup bus. The program studied total road calls and those attributable to engine/fuel system-related components only-the areas most likely to be affected by alternative fuel use. The number of engine/fuel system-related road calls for the Tacoma CNG buses is the same as for the diesel buses. Most other sites show some reliability penalty, but in many
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Final Results cases the causes are either relatively minor (the buses running out of fuel because the driver is unfamiliar with the vehicle), or appear solvable (fuel filter plugging because of fuel quality problems at the alcohol sites). Operating Costs. Operating costs of the buses are largely driven by the fuel cost. Fuel cost differences versus diesel far outweigh any differences in maintenance costs between the alternative fuel and diesel buses. Operating costs are lowest for the CNG buses, which are approximately equal to diesel bus operating costs. Operating costs are the highest for the alcohol and biodiesel buses because of high fuel prices. Capital Costs. Capital costs consist of the extra cost to purchase an alternative fuel bus, and the extra cost (if any) to modify the facilities to fuel, service, and maintain them. Capital costs are the highest for CNG and LNG buses, and lowest for the alcohol and biodiesel buses-inverse to the operating costs. In the future, alternative fuel engine prices are expected to decrease as volumes increase, although whether they will be equal to or lower than diesel is unclear. At the present time, no alternative fuel combines a low operating cost with a low up-front capital cost.
Vehicle Emissions. Emissions
were measured on a transportable chassis dynamometer using the CBD driving cycle. Natural gas and alcohol buses were shown to have the potential to significantly lower particulate matter (PM) and oxides of nitrogen (NO x ) emissions. With natural gas, PM emissions were virtually eliminated.
Test results also showed high variability in the emissions results from the alternative fuel vehicles. This probably results from the relative immaturity of the technology and from the different maintenance requirements of the alternative fuel engines. Investigative emissions testing showed substantial reductions in high-emitting vehicles after tune-ups and parts replacements.
Both diesel and alternative fuel technologies have changed substantially since we ran our emission tests. Newer generation CNG engines often feature closedloop feedback control of air:fuel ratio, which should significantly reduce emissions variability between engines. Newer diesel engines are electronically managed and have lower PM emissions to meet the latest Environmental Protection Agency standards. We plan to test both types of engines in the future.
Looking to the future, newer, significantly more advanced alternative fuel engines than those in this program continue to be introduced, and they promise even better performance.
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Introduction

Background
The National Renewable Energy Laboratory (NREL) is a U.S. Department of Energy (DOE) national laboratory; this project was funded by DOE.
One of NREL's missions is to objectively evaluate the performance, emissions, and operating costs of alternative fuel vehicles so fleet managers can make informed decisions when purchasing them. Alternative fuels have made greater inroads into the transit bus market than into any other. Each year, the American Public Transit Association (APTA) surveys its members on their inventory and buying plans. The latest APTA data show that about 4% of the 50,000 transit buses in its survey run on an alternative fuel. Furthermore, 1 in 5 of the new transit buses that members have on order are alternative fuel buses. This program was designed to comprehensively and objectively evaluate the alternative fuels in use in the industry.
In designing a program of this type, our most challenging problem was providing information on the latest products in a short period of time. Once a new product is introduced, we must find a suitable fleet that has ordered the vehicles, along with similar diesel controls. Next, we must collect, analyze, and report on 18 months of data. Because alternative fuel products are being rapidly improved, the information we present is often not on the latest generation of the engine or vehicle.
Nevertheless, this information is far superior to none, and often reveals trends that continue to be true even with newer technology.
Some people may wonder why we included data on alcohol engines in this report, as the ethanol and methanol engines had been discontinued from production at the time of this writing. Because this is the only study of its kind, we decided to include the information to present an across-the-board comparison of alternative fuels. We believed that documenting the experience with all the fuels in one report was important. We also recently learned that one transit authority placed an order for the ethanol 6V92 engine, so this engine may again become available. The ethanol information may therefore be more relevant than we anticipated. This report has data and results that are significantly updated from our previous reports, in which we stated that in some cases (such as with Miami) the diesel buses started the program at a higher mileage (odometer) reading than the alternative fuel buses. The data available to us were therefore not for comparable periods in the buses' life. We have since received back data on all the sites, so comparisons at each site are now made between buses with similar mileage accumulation.
Finally, we received valuable feedback-including written comments-on our last report. We appreciate the comments, and wherever possible have incorporated your suggestions.
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Program Objective
The objective of the program was to comprehensively and objectively evaluate the reliability, operating costs, and emissions levels of all alternative fuels currently in use in the transit bus industry. This included compressed natural gas (CNG), liquefied natural gas (LNG), 95% and 93% ethanol (E95 and E93), 100% methanol (M100), and a mixture of 80% diesel and 20% biodiesel . Each fuel is briefly described in the sidebar on page 6. A future study will look at liquefied petroleum gas (LPG)-powered buses, which are not yet in production.
Program Design
The program was set up with the following guidelines:
• 
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In a follow-up program being conducted now, we are evaluating the emissions performance of the new Cummins L10-280G or Cummins L10-300G, as well as the latest version of the DDC Series 50G.
A complete list of all sites, technologies evaluated, engine models, and bus models in the program appears in Table 1 . For the New York M100 test fleet, the diesel control buses use the new DDC Series 50 engine, not a 6V92 engine. When New York ordered its 6V92 M100 engines, the 6V92 diesel engine was being phased out, so it ordered Series 50 diesel engines instead. We believe that even though the alternative fuel and control engines differed significantly at this site, this was still a valid comparison, because this is the realistic choice any transit agency would have to make. 1 PING -pilot ignition natural gas. This engine is a dual-fuel engine, which operates on diesel and natural gas fuels in normal operation, but can also operate on diesel fuel alone if needed.
2 Used for emissions testing only.
3 Equipped with particulate trap. 4 The Series 50 engine was used for the diesel control vehicles in New York because the diesel 6V92TA was being phased out and was not available for new vehicles. The alcohol 6V92TA engine was the only methanol engine available for new vehicles.
Data Collected
The data collected in the program included:
• Records of all fuel and oil additions to the buses • All maintenance records for the buses (the biodiesel site is an exception-only engine/fuel system-related data were collected because of the age of the bus chassis)
• Records of all road calls that resulted from a breakdown while the bus was in service • Emissions data. West Virginia University (WVU) staff visited each site and used the university's transportable chassis dynamometer to conduct emissions tests on the buses. • Capital cost information. A description of the alternative fuel facilities and facility cost was collected from each site. The incremental cost of the alternative fuel buses was also recorded.
A program goal was to collect approximately 18 months of data on each site. Figure 2 shows the total mileage accumulation on the alternative fuel buses at each site. Data collection from all sites is now complete, and the following sections present the data analysis.
During the program, the biodiesel site encountered a problem that led us to exclude most of those data from the detailed analysis. When the site started up, biodiesel and diesel were splash blended in the on-site tank and agitated with a pump. After a few days, numerous problems occurred with clogged filters because contaminants were stirred up from the bottom of the tank. The agitation was stopped and the program continued. Later testing of fuel samples revealed that the biodiesel was not blending with the diesel during splash blending, but was forming a layer on the bottom that would cause the buses to run on blends other than the target blend of BD-20. Additional problems were uncovered: the fuel supplier was mixing one part biodiesel to five parts diesel (a 17% blend) instead of one part to four. The problems were rectified in October
6
Alternative Fuel
Transit Buses
The Alternative Fuels Being Tested
Methanol. An alcohol produced primarily from natural gas. Because it can also be derived from biomass or coal, the domestic resource base for methanol is vast. The methanol buses in this program run on 100% methanol.
Ethanol. An alcohol derived from biomass (corn, sugar cane, grasses, trees, and agricultural waste). The ethanol used in the test buses was E93 (93% ethanol, 5% methanol, and 2% kerosene) or E95 (95% ethanol and 5% unleaded gasoline).
Biodiesel. Can be produced from any plant-or animal-derived oil product. The biodiesel blend used in the test buses was 20% biodiesel (from soybeans) and 80% diesel fuel.
Natural Gas. Composed primarily of methane. It can be stored on the vehicle as either a compressed gas or a cryogenic liquid. The program is collecting data on vehicles that use both types of storage.
Pierce Transit in Tacoma, Washington, has had success running this bus on compressed natural gas. 
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Final Results (2) calls that involve only the engine/fuel system-related components (specifically the engine, fuel system, electrical, ignition, engine cooling system, and exhaust systems). These are the systems most likely to show differences caused by the alternative fuel. We included "out of fuel" road calls in this group (even though these may not be caused by any mechanical or other problem with the alternative fuel system) because we believe this is a real issue being experienced as a result of alternative fuel use. Figure 3 shows the road calls per 1,000 miles for the buses in the test program, displayed according to the two categories above. Below the chart is a schematic that shows the total mileage accumulation on the alternative fuel buses at that site. This helps provide a "weighting factor" for weighting the relative strength of the data from a site based on the number of miles accumulated.
Reliability
Liquefied Natural Gas
Houston Pilot Ignition Natural Gas Dual-Fuel Engine
This figure indicates that the dualfuel buses in Houston, which run on LNG and diesel, experienced considerably more road calls than the diesel controls. Comparing only road calls related to the engine/fuel system, there are about .39 road calls per 1,000 miles for the LNG buses, versus only .06 for the diesel, a ratio of greater than 6:1. The high rates are due mainly to either the buses running out of fuel (59 out of 210 calls), or the monitoring system detecting a fuel leak and shutting down the bus (24 calls). The dualfuel buses have a very small diesel tank. If a fuel problem develops with the LNG system, the dual-fuel engines are designed to run on diesel as a backup. In this case, the bus would run out of diesel in a short time-the diesel fuel tank alone is not adequate to run the bus independently for long. The dualfuel buses experienced nearly 15 times the rate of road calls for "out of fuel" as did the diesel controls. This engine is no longer in production, and to determine whether other sites using LNG were having similar problems, we added Portland, Oregon, as a site. Portland is running dedicated Cummins L10-240G engines in its LNG buses.
Portland Dedicated SparkIgnited Engine
Portland is experiencing more road calls with its LNG buses than with its diesel buses, but the problems
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FIGURE 3. Number of road calls by site and category
are much less severe. The LNG buses are having road calls caused by the engine/fuel-related systems at a rate of .22 per 1,000 miles versus .15 for diesel, a 50% increase. Most alternative fuel-related road calls on the LNG buses are caused by the fuel leak detection system and/or fuel leaks (16 of 172 total calls), or the buses running out of fuel (6 out of 172 total calls). If the fuel leak detection system senses a leak, the bus is automatically shut down. However, a fuel leak was actually found in only 4 of the 16 cases. The reliability of the fuel sensors has been a problem, and Portland has reported much better performance with a new sensor design recently installed.
The drivers' unfamiliarity with the vehicle range probably results in most cases of the buses running out of fuel. This problem generally diminishes rapidly with time.
Looking at the bigger picture of all road calls at Portland, the LNG buses experienced even more than the diesel buses. The largest category of road calls for the LNG buses, however, related to body systems, (including the doors not working), rather than the alternative fuel system. This shows the importance of looking at the alternative fuel system in perspective of the entire vehicle. Overall the engine/fuel system reliability appears much better than that of Houston's buses, and not out of line with other systems on the buses. (1 bus = 100,000 miles)
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Compressed Natural Gas
Buses that ran on CNG in Miami had about four times as many alternative fuel system-related road calls per 1,000 miles as their diesel counterparts. Most were engine or fuel system-related, including 9 out of 81 for running out of fuel. As shown in Figure 3 , these buses have very low mileage because there is no convenient fuel station on the premises. In contrast, the buses at Tacoma have more than four times the mileage accumulation as the Miami buses. The Tacoma engines are also one model year newer. Their road call rates are identical for CNG and diesel. Because of the much greater mileage on the Tacoma buses, and the later model year engine, we have placed greater weight on these data. Overall, we can conclude that CNG buses are potentially as reliable as diesels. It is important to note that the manufacturer is now selling newer, more advanced CNG engines than the ones used at Miami or Tacoma.
Alcohol
All the alcohol sites had similar experience with road calls. At every site, fuel-quality problems were a significant issue, and account for a major portion of the difference observed between the alcohol and diesel control buses. Fuel filter plugging on the alcohol buses resulted in 5 of 61 total road calls in Peoria, 4 of 21 in
Minneapolis, 18 of 123 in Miami, and 4 of 47 in New York. In addition, a few of these sites experienced many engine-related road calls, most of which were for lack of power and engine stalling. We believe these two problems are in many cases directly related to filter plugging, but were not recorded as such. These problems appear related to lingering material compatibility problems with the alcohol fuels that are probably occurring in the fuel delivery system, not on the buses.
Reliability Summary
In summary, except for Tacoma's CNG buses, all sites showed road call rates for the engine/fuel-related systems on the alternative fuel buses to be higher than on the diesel buses by varying degrees.
Most of the problems are not insurmountable and are expected with relatively new technology. They can be divided into a few general categories: running out of fuel-a fairly minor issue, and one that seems to be largely concentrated in the first few months of operation; fuel leaks and leak detection shutdowns on the LNG buses-a problem that appears correctable with new improved leak detection sensors; and fuel filter plugging on the alcohol buses-a problem probably related more to fuel delivery to the buses than to what is happening on the bus.
Transit Buses
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Fuel economy and fuel costs are very important to transit agencies because they represent a significant part of the operating cost of a transit bus. Figure 4 shows the representative fuel economy for each site expressed as miles per diesel equivalent gallon, the quantity of alternative fuel that has the same energy content as one gallon of diesel fuel. The representative fuel economy is not always based on the total fuel consumed during the total data collection period. We selected a period of operation when we had good data and could accurately calculate the fuel economy. In the case of the Houston dual-fuel buses, we used a period of operation when the alternative fuel buses ran consistently on LNG (as opposed to running in their backup mode of diesel only). For comparison purposes, we have expressed all fuel economy in terms of #2 diesel equivalent gallons.
Liquefied Natural GasHouston Dual-Fuel Buses
The buses at Houston use PING engines, which operate on a compression-ignition cycle that uses diesel as the pilot ignition source to ignite the natural gas. The average fuel economy for these buses was calculated by adding the amount of LNG (in diesel equivalent gallons) and diesel burned in the buses over time, and dividing that sum by the total miles logged. The average fuel economy for the LNG buses (3.1 miles per diesel equivalent gallon) was approximately 13% less than that of their diesel counterparts. A small part of this reduction is due to the approximately 860 pounds of extra weight of the LNG/diesel dual-fuel buses, but the largest part is most likely attributable to the engine design, engine operating 
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Final Results problems (see Reliability section), differences in driving cycles, or LNG measurement inaccuracies.
Liquefied Natural Gas and Compressed Natural GasDedicated Spark-Ignited Engines
The natural gas engines that operated in Portland, Miami, and Tacoma were spark-ignited throttled engines; the diesel engines were unthrottled compression-ignition engines. When a diesel compression-ignition engine is redesigned into a spark-ignition engine to run on natural gas (the case with all natural gas engines in the program), there is an inherent loss of efficiency because of pumping losses. Pumping losses represent the amount of energy required for the engine to draw in air during the intake cycle. An unthrottled diesel engine has minimal pumping losses, whereas a spark-ignited engine with a throttle has significant pumping losses. In addition, natural gas engines have a lower compression ratio than their diesel counterparts (10.5:1 for natural gas engines versus 16.3:1 for diesel engines), which also tends to lower efficiency.
An added disadvantage for CNG buses is their weight-as much as 3,900 pounds more than their diesel counterparts. This weight penalty is largely due to the weight of the CNG tanks, and increases the curb weight by about 15% (the diesel control buses have a curb weight of approximately 27,000 pounds).
Newer design all-composite tanks reduce this weight penalty significantly, but these tanks were not used on the buses in the program. These factors led to the expectation that energy efficiency might be significantly reduced.
At the two CNG sites, the fuel economy of CNG buses was reduced by 3% and 23% compared to diesel buses. At the Portland LNG site, the fuel economy was 30% lower on LNG buses than on diesel, greater than expected for this type of engine. This may be due to greater idling time for LNG buses on the weekends, because Portland personnel believed that this was necessary to control pressure buildup and venting of the tanks.
Alcohol
The alcohol buses also have weight penalties-1,000 to 1,500 pounds, depending on the fuel tank capacity. Also, the alcohol buses at the Miami site have an additional weight penalty of 1,200 pounds, which is attributed to options and specifications unrelated to the alcohol fuel engine. This extra weight was expected to reduce the fuel economy of the alcohol buses.
The alcohol buses also have very high compression ratios (more than 20:1), which were expected to lower fuel economy because of higher friction losses such as piston side loading. The results to date, however, indicate that the alcohol buses at all sites are performing very well, delivering fuel economy comparable to that of the diesels on an equivalent energy basis. (Two notes: first, the diesel control buses at Peoria are equipped with particulate traps, which lower fuel economy slightly; and second, the diesel control buses at New York are Series 50 4-stroke diesel engines, not 6V92s.)
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Cost
The cost of operating alternative fuel buses versus the diesel controls can be broken down into operating and capital costs. Capital costs consist of the additional cost of the alternative fuel bus and the cost of modifying the facilities for alternative fuel use. Figure 5 shows the breakdown of operating costs for the transit agencies in the program. The costs likely to be affected by the use of an alternative fuel include fuel and lubricant costs and vehicle maintenance costs. Together these comprise one-fourth of the total operating costs.
Operating Costs
The vehicle maintenance costs (shown as 21% of the total) include the costs not only to perform actual repairs and maintenance on the buses, but also to staff the parts department, paint shop, body shop, vehicle cleaning facility, and fueling facility. In this study we recorded only the maintenance costs directly associated with the bus-repairs and maintenance on the buses, rebuild costs, and inspections, but not supporting activities such as costs associated with running the tire, paint, body, or parts shops. Finally, to calculate maintenance costs we used a standard mechanic labor rate of $25/hour for every site, and multiplied this by the hours spent on each job. This represents a typical mechanic's wage plus overhead costs of approximately 50%.
Biodiesel
On a diesel #2 equivalent gallon basis, biodiesel buses exhibited approximately the same fuel economy as the diesel control buses.
Fuel Economy Summary
In summary, the fuel economy results are in line with expectations from the various engine technologies, with the possible exception of the LNG dual-fuel engine. 
Fuel Costs
Fuel costs per 1,000 miles of operation for each transit agency are shown in Figure 6 . These costs were calculated based on the representative fuel economy of the buses at the site and the prices paid for the fuel during the data collection period.
At the bottom of the figure, the fuel costs used to make these calculations are shown. In general, the prices of alternative fuels have been more variable than those of diesel fuel, both regionally and over time. For example, CNG prices differ significantly from region to region and methanol prices nationwide have been very volatile. The LNG prices at Portland are relatively high. LNG prices in other locations across the country are lower, in some cases much lower.
Maintenance Costs
Maintenance costs were tracked on all the buses. Each transit agency provided copies of all work orders and lists of parts replaced. The work performed and parts replaced were coded by type of work (scheduled maintenance, unscheduled maintenance, road calls, and configuration changes to the buses), as well as by vehicle subsystem.
To show the effects of the alternative fuel system on costs, Figure 7 shows the maintenance costs for the engine/fuel-related systems only, Fuel prices have a dramatic effect on operating costs. The fuel prices used to calculate operating costs in this report were the prices actually paid by the agencies while we were collecting data. For example, Pierce Transit was paying $0.52 per diesel #2 equivalent gallon for CNG and $0.65 for diesel. Since that time, the prices have changed significantly. Pierce Transit now pays $0.29 per gallon for CNG (because the agency buys it directly from the wholesaler as a commodity) and $0.76 for diesel, changing the economics considerably in favor of CNG. You might want to check on the fuel prices in your area to see what the current economics would be for your fleet. and total maintenance costs for the entire bus. Engine/fuel-related systems include the engine, fuel system, electrical, ignition, engine cooling system, and exhaust systems. Total maintenance costs include work on all vehicle systems, including, for example, the engine and fuel system, body hardware, air conditioning and heater systems, suspension, and door systems.
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We must keep the costs related to the engine/fuel system on the alternative fuel buses in perspective. For example, in some cases, costs related to these systems on the alternative fuel buses are significantly higher than on the diesel buses. However, these increases often are not driving factors when you consider the total bus maintenance costs. In other words, repairs to systems totally unrelated to alternative fuel use, such as the air conditioning system, often outweigh costs associated with using a different fuel. In addition, these costs are only a relatively small part of the total bus operating costs shown in Figure 5 .
The maintenance cost data presented do not include warranty work performed on the buses because the agencies do not bear the cost of this work (except for the inhouse labor costs for warranty repairs-these are generally paid by the transit agencies and are included in the maintenance costs presented in this report). Maintenance costs for the biodiesel buses are not shown because of insufficient data.
Comparisons of maintenance data between agencies should not be made because each agency has a different system for maintaining its buses. Alternative fuel buses should only be compared with diesel control buses at the same site. 
Liquefied Natural GasHouston DDC Dual-Fuel Engines
Maintenance costs for the engine/ fuel-related systems on the LNG buses have been more than three times those of the diesel buses. Significant problems occurred with the engine gas injectors. It is believed that contaminants in the fuel, possibly in combination with other problems, caused the injectors to stick open. The engine manufacturer has worked on the problem under warranty, but internal labor costs at Houston Metro were still significant. Fuel system leaks and "false alarms" by the leak detection system have also been a source of cost in the LNG buses.
Liquefied Natural GasPortland Dedicated Engines
Maintenance costs for the engine/ fuel-related systems on the LNG buses were approximately 50% higher than those for the diesel control buses. Higher costs are largely attributable to fuel leaks (or apparent fuel leaks) that caused the sensors to signal a leak, and to replacing cryogenic pumps and related hardware. In all, 11 cryogenic pumps and 8 hydraulic driver pumps were replaced on the buses during the program. The cryogenic pumps are very expensive, costing about $1,500 for a remanufactured one, or $6,000 for a new one. The parts cost for these pumps was covered under warranty, but a significant amount of the labor to diagnose and replace them was not. Other LNG designs that do not require a fuel pump are now on the market. Other things being equal, these designs should be more reliable.
Compressed Natural Gas
In Tacoma, the engine-related maintenance costs for CNG buses were within 16% of the diesel controls.
No major problems or trouble areas were encountered on the CNG buses. Most of the cost difference is attributable to the extra tune-ups required for the spark-ignited CNG engines-spark plugs, plug wires, and other tune-up costs.
In Miami, the engine-related maintenance cost for buses running on CNG was about double that for diesel buses. The Miami buses, however, were only used in "tripper" service and have accumulated only 95,000 miles on CNG, versus more than 400,000 miles for the Tacoma buses that were used in full service against their diesel counterparts. The engines are also one model year newer at Tacoma. We therefore place significantly more weight on the Tacoma data.
Ethanol
The ethanol-powered buses in Peoria had engine/fuel system-related maintenance costs about 75% higher than those of the diesel buses. The cost of maintaining the fuel system contributed most to the overall maintenance cost, and was due primarily to the cost of ethanol fuel filters. The primary and secondary fuel filters together cost nearly $105 for ethanol compared to about $6 for diesel. The higher cost, coupled with a higher replacement rate-caused by material incompatibility problems in the fuel station-results in significantly higher overall fuel system costs. The material incompatibility has since been rectified. Electrical system maintenance costs were also higher for the ethanol buses because of the
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Minneapolis experienced similar issues, with engine/fuel system-related costs almost four times higher than those for the diesel buses.
Methanol
Miami and New York methanol buses experienced issues similar to the ethanol buses. At both Miami and New York, engine/fuel systemrelated costs were almost four times as high on the methanol buses as on the diesel control buses. The largest cost increases occurred in the fuel system and electrical area, with fuel filter and electrical problems similar to the ethanol buses.
Biodiesel
As a result of the problems with the inadequate mixing of the biodiesel and diesel discussed earlier, we decided there were insufficient data after the fuel "clean point" (when we knew the fuel had been properly mixed) to analyze maintenance costs. At least one issue did arise that is worth mentioning. Some of the older buses had elastomer materials in the fuel pumps (a seal around the shaft) that were incompatible with the biodiesel blend. Later in the program these were changed to a synthetic material (Viton®) that is compatible with biodiesel. Newer fuel pumps sold by the manufacturer come equipped with the synthetic seal. Figure 8 shows the total fuel and maintenance costs per mile traveled. In all cases the oil cost was insignificant compared to the fuel and maintenance costs. The fuel cost per mile was calculated using the average in-use fuel economy
Cost per Mile Traveled
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Final Results and the actual fuel cost paid by the transit agencies. The fuel and maintenance cost per mile for test buses running on CNG has been about the same as those for buses running on diesel fuel. However, the analogous costs for all buses that use alcohol fuel have been up to twice as high as the costs for buses using diesel. The costs for LNG buses have been 35% to 80% higher than their diesel counterparts.
This figure shows clearly that maintenance costs are the smaller part of the cost equation, and that fuel costs are the determining factor for costs directly related to operating the bus (excluding driver labor costs).
Capital Costs
Adding alternative fuel buses to a fleet requires not only the acquisition of alternative fuel buses, but in most cases also requires changes in the refueling, maintenance, and storage facilities at the site.
Additional Bus Acquisition Costs
At this time, buses that run on alternative fuels are more expensive to purchase than those that run on diesel. Higher engine costs, driven by low production volumes, add about $15,000 to $30,000 to the price of the bus. As volumes increase, the cost of alternative fuel engines should approach that of their diesel counterparts. Some knowledgeable people believe that they will be equal to diesel in the not-too-distant future.
Biodiesel buses are the exception. Because the buses that ran on BD-20 in this program use conventional diesel engines, there was no additional acquisition cost. (However, biodiesel has not yet been approved by most engine manufacturers as a diesel substitute. Because the use of biodiesel may affect engine warranty claims, a transit agency should check with the engine manufacturer before using the fuel.)
The fuel tanks of alternative fuel buses are also generally more expensive than diesel fuel tanks. These additional costs can run from $5,000 for a bus that operates on E95 to about $20,000 for one that operates on CNG. Again, fuel tanks represent no additional expense for buses running on biodiesel. Table 2 presents estimated incremental costs (over and above a dieselfueled bus) for new alternative fuel 40-foot transit buses. The incremental costs for an LPG-fueled bus have been included because we will study LPG buses as they become available. These prices are only for comparison purposes; actual bus prices will vary with each transit property because of variations in 
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We obtained these cost estimates from transit agency bus bids and in conversations with bus manufacturers. They reflect market prices after a few years of alternative fuel bus production, with relatively low production volumes. As volumes increase, prices should decrease.
Facilities Costs
Transit buses are stored and refueled centrally in facilities owned and operated by transit agencies. As a result, the capital and operating costs for any changes made to a facility to accommodate alternative fuel buses are important to consider when calculating the overall cost of operating with alternative fuels.
The capital and operating costs for new facilities or modifying facilities vary considerably, even for one type of alternative fuel. Necessary changes can include installing new refueling equipment or installing monitoring and ventilation equipment in maintenance and storage facilities. Note: Additional considerations for propane facilities: Propane fuel tanks should never be overfilled, because thermal expansion of the fuel can actuate the tank relief valve. However, both facility codes and design practices often make some allowance for this contingency. Thus, the installation of propane gas detection systems in areas where propane-fueled vehicles are parked or maintained may be required by local authorities or considered to be good practice by facility design engineers. Increased ventilation to handle possible propane releases may also be included in the facility design. Often, the operation of such increased ventilation is tied to the gas detection system.
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The costs of maintaining and modifying storage and refueling facilities also depend on the size of the agency, as well as on state and local building codes. Table 4 lists the types of refueling facilities required for each alternative fuel, and shows estimates of the cost range for a refueling facility capable of refueling 80 to 160 alternative fuel buses.
For each alternative fuel, we also estimated the total costs of the necessary modifications to the fueling and maintenance facilities for a bus fleet of 160 alternative fuel buses. We estimated the costs of upgrading the building, mechanical systems, and electrical systems, and of acquiring new equipment.
Estimates included contractor overhead and profit (assumed to be 17%), and contingency (assumed to be 25%). We assumed the facilities were converted in three phases to allow normal operations to continue and to serve a mix of diesel, gasoline, and alternative fuel vehicles. Table 5 shows the cost estimates for converting a 160-bus facility with 84,850 square feet of indoor storage, 19,250 square feet for the maintenance area, and a 9,120-square-foot fueling area.
At this time, CNG and LNG facilities have the highest capital costs.
Each alternative fuel facility must be custom designed to meet the specific needs of the transit agency. The cost of the facility can vary significantly. The cost estimates presented above should be viewed as representative for typical facilities. You should consult architectural and engineering firms experienced in alternative fuels for cost estimates for your particular site. 
Emissions
WVU conducted emissions testing on the buses with its transportable chassis dynamometer, which was transported to each transit agency in the program. In performing the chassis dynamometer emissions tests, buses were driven according to the CBD driving cycle, which was designed to simulate the speeds, loads, and conditions experienced by buses during a typical route through a city's central business district. Buses were tested with the fuel in the bus at the time.
Most of the buses were tested in two consecutive years-1994 and 1995.
Compressed Natural Gas
The results of chassis dynamometer emissions tests on CNG and diesel buses powered by Cummins L10 engines are summarized in Table 6 and shown in Figure 9 . The five CNG buses tested in Miami and five of the buses tested in Tacoma were equipped with early versions of the Cummins L10 engine (referred to as L10-240G) that did not require certification by the U.S. Environmental Protection Agency (EPA) or the California Air Resources Board (CARB). In 1994, Cummins made several enhancements to the engine. The later versions of this engine (referred to as L10-260G) have been certified by CARB. Five buses with the newer engines were tested in Tacoma, and five were tested in New York City.
There is a substantial amount of scatter in the data, but we can draw several general conclusions. The most obvious result is that the PM emissions levels are reduced to nearly zero with CNG. Figure 9 shows that all CNG buses tested (including vehicles with mileage greater than 150,000 miles) had PM levels an order of magnitude lower than the diesel buses.
It is important to note that the Cummins diesel engines tested thus far were 1992 model year or older. Figure 9 also shows that buses equipped with the newer CARBcertified CNG Cummins L10-260G engines exhibited lower carbon monoxide (CO) and oxides of nitrogen (NO x ) emissions than either the original CNG demonstration or the diesel control buses. The L10-260G tests were performed at 20,000 miles or less. The total hydrocarbon (HC) emissions levels from the CNG buses are higher
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Final Results than those from the diesel buses. However, HC emissions from CNG vehicles are typically composed of more than 95% methane. EPA and CARB regulations are written in terms of non-methane hydrocarbons (NMHC) because methane is considered to be nonreactive in the atmosphere. The NMHC levels from the CNG buses were not directly measured, but can be projected to be at similar or lower levels than those from the diesel buses.
To investigate the causes of high emissions observed on some buses, we diagnosed, repaired, and retested three of the L10-240G buses in Tacoma with higher-than-expected CO emissions. The repairs included replacing air:fuel mixing valve components and adjusting the air:fuel ratio. All three buses showed reductions in CO that averaged approximately 93% (an average of 30 g/mi before repairs to 2 g/mi after repairs). A complete description of this work will be available in a separate short report published by NREL. Call our hotline or check our web site for a copy. (Our web address and hotline phone number are given at the front of this report.)
Cummins has recently begun to produce even newer versions of the Cummins L10 CNG enginesthe L10-280G and L10-300G. These engines use closed-loop feedback control to provide much better control of the air:fuel ratio, which should make emissions much more consistent from bus to bus and from test to test.We are now looking for sites that have these buses for future testing.
Alcohol
The results of chassis dynamometer emissions testing on ethanol and methanol buses powered by DDC 6V92TA engines are summarized in Table 7 and illustrated in Figure 10 . In 1994 and 1995, 10 buses in Peoria and Minneapolis were tested on ethanol, and 10 were tested on methanol in Miami and New York. Additionally, 17 diesel control buses Final Results
FIGURE 9. Chassis dynamometer emissions from buses with Cummins L-10 engines
were tested in Peoria, Minneapolis, and Miami. Of the 17 diesel control buses, 8 were originally equipped with particulate traps. The buses with particulate traps were tested with the traps in place in 1994, and with the traps removed in 1995. Figure 10 shows the test results plotted against odometer reading. This figure shows the range and variation of individual test results for a population of buses at various odometer readings, but is not intended to represent how emissions from a single bus deteriorate over time. Table 7 indicates the range of odometer readings for which buses were tested at a given site during the 2-year period.
Results from the alcohol buses vary considerably from site to site and from bus to bus. In general, the buses tested on ethanol and methanol appear to emit PM levels similar to diesel buses equipped with particulate traps, and significantly less PM than diesel buses without traps. Although the particulate traps effectively reduced PM levels from diesel vehicles, they were removed because of maintenance and durability problems. However, recent diesel engine emissions certification data show that PM levels from diesel engines have been reduced substantially in order to meet tougher EPA PM standards.
Most ethanol-and all methanolpowered buses emitted lower NO x levels, and had significantly higher amounts of HC and CO, than the diesel controls. However, newer methanol buses with DDC 6V92TA engines (with odometer readings between 6,700 and 42,000) tested in New York City had consistently lower CO and HC emissions than the older alcohol-fueled buses. The emissions levels from the newer methanol engines were similar to the diesel control levels.
24
Transit Buses
Oxides of Nitrogen
FIGURE 10. Chassis dynamometer emissions from buses with DDC 6V92 engines
The EPA engine certification data from the methanol DDC 6V92TA (ethanol has not been certified) have shown emissions reductions in all four components (HC, CO, NO x , and PM) versus the diesel 6V92TA. To investigate the reason for the relatively high emissions on some engines, two buses in Peoria that showed high CO and HC emissions were diagnosed, repaired, and retested. Several repairs, which included adjusting blower bypass valve settings and replacing fuel injectors or catalytic converters, were performed.
Tests on both buses performed before and after the catalytic converters were replaced showed CO reductions of approximately 85% (approximately 40 g/mi to 6 g/mi) and HC reductions of approximately 67% (approximately 11 g/mi to 4 g/mi). A complete description of this work will be available in a separate short report published by NREL. Call our hotline or check our web site for a copy. (Our web address and hotline phone numbers are given at the front of this report.)
Biodiesel
Tests were run on buses using both BD-20 and straight diesel back-toback. The results are shown in 
Emissions Summary
The CNG and alcohol buses appear to be particularly well suited to reducing PM and NO x emissions. This feature is quite important, as the federal emissions standards for PM and NO x are becoming more stringent. Diesel technology has been developed to meet these more stringent PM standards, thereby narrowing the gap between alternative fuels and diesel. However, virtually all current engine certification data still show CNG with an advantage.
Results from chassis dynamometer emissions testing have also shown high variability in some emissions levels from these early generation CNG and alcohol engines compared to the diesel control engines (which have decades rather than only a few years of development).
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All alternative fuels, except biodiesel, add to the curb weight of the bus. Table 9 shows the approximate increase in curb weight of a 40-foot bus as a result of the alternative fuel option.
Because of tank weight, CNG has the greatest weight penalty. The lower number in Table 9 represents the weight penalty with the latest design composite tanks.
Most municipal, state, and federal highways have axle loading limits to prevent excessive damage to the roadways. As a result, adding the CNG option often substantially reduces maximum passenger loading. If enforced, this will restrict the utility of the bus.
The other alternative fuels have substantially lower weight penalties. Biodiesel has none. E95/M100 1,000-1,500
Biodiesel 0
Other Considerations
During the course of this program we learned numerous lessons that do not appear in the numbers above. We have listed key ones here:
• For alternative fuel buses to deliver the maximum benefit to the environment, proper maintenance is very important, perhaps even more so than for diesels because of the relative immaturity of the technology.
• If you use a biodiesel blend, don't splash blend on site. Require that your contractor deliver a properly pre-mixed batch of fuel. You should also check with the engine and fuel system supplier(s) to make sure that all materials used in the system are biodiesel-blend compatible.
• The one item that seems to have separated the truly successful sites from the others is the commitment to the alternative fuelfrom the top of the organization down. The successful sites' attitude is "if you are going to do it, do it right." Everyone has to be committed to the project, resources have to be allocated to train people up front, and fuel must be on site or very readily accessible. We have a separate case study that covers the success of Pierce Transit in accomplishing just that. Call our hotline at (800) 423-1DOE and ask for a copy.
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Lessons Learned
Future Plans
The program is now complete except for a few open items we would like to address:
• Transit buses represent one of the best potential applications for alternative fuels, which have already made significant inroads into the transit bus market. The alternative fuel engines in this program have only a few years of product development-versus decades for the diesel engine-but the results show they are competing very well with diesels in many areas:
• In reliability, one site-Tacomais equal to diesel. Most other sites show some reliability penalty, but in many cases the causes are either relatively minor (the bus runs out of fuel because the driver is unfamiliar with the vehicle), or appear solvable (fuel filter plugging at the alcohol sites).
• Operating costs of the buses are driven by the fuel cost. In other words, fuel cost differences versus diesel far outweigh any differences in maintenance costs between the alternative fuel and diesel bus. Operating costs are lowest for the CNG buses and highest for the alcohol and biodiesel buses.
• Capital costs are inverse to the operating costs-they are highest for CNG/LNG buses, and lowest for the alcohol and biodiesel buses. At the present time, no fuel combines a low operating cost with a low up-front capital cost.
• Natural gas and alcohol buses have the potential to significantly lower PM and NO x emissions. With natural gas, PM emissions are virtually eliminated. Newer, significantly more advanced alternative fuel engines than were used in this program have already been introduced, and they promise even better performance.
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Summary and Conclusions
Numbers, Numbers, Numbers
The following tables summarize the key results of the transit bus program.
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Alternative Fuel N/A = insufficient data 1. The engine/fuel system-related areas are: general electrical, charging, cranking, ignition, air intake, cooling, exhaust, fuel, and engine. The rest of the maintenance costs in the total bus maintenance cost are an average of $169 per 1,000 miles, which includes inspections, air conditioning, transmission, body, door systems, air system, brakes, wheelchair lifts, and other repairs. Mechanic hourly labor rate is assumed to be $25 per hour.
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Houston
2. For Miami, the CNG is purchased from the Airport Authority and therefore includes the fuel cost, compressor station maintenance labor and parts, as well as capital costs for the station. For Tacoma, the CNG cost includes maintenance labor and parts for the compressor station, but does not include capital costs.
3. For Houston, the fuel cost does not include a fuel loss due to storage over time and during transfer, which could be as significant as 25%. These are dual-fuel buses that were using 50%-70% diesel fuel during the period used to calculate fuel economy and cost.
4. At Portland, the LNG is purchased from the local utility. Therefore, the purchase price includes the fuel cost, maintenance labor, and parts for the station, as well as capital costs for the station. Also, of the truck and bus operators in the United States using LNG, Portland pays the highest price for LNG. 
